This study explored the diagnostic value of a combined modality of Superb Microvascular Imaging (SMI) and shear-wave elastography in differentiating malignant and benign breast lesions.
Background
Although the morbidity and mortality of breast carcinoma is relatively low among Chinese women, the incidence rate in China has been increasing in recent decades [1] . Ultrasonography is a primary imaging method for examining breast lesions in dense breast tissue, providing ultrasonic features to differentiate breast lesion malignancy, such as mass shape, margin, echo pattern, architecture distortion, and micro-calcification [2, 3] . However, none of these features are sufficient to use individually to characterize lesion malignancy. Angiogenesis, an essential event in oncology, is pivotal in local growth, invasion, and distant metastasis of cancer [4] . Thus, the significant distinguishing feature of tumor microvessels between malignant and benign breast lesions suggests a high preference of imaging tumor angiogenesis for breast neoplasm differentiation.
Currently, 2 non-invasive methods are widely used to assess breast tumor vascularity: color Doppler flow imaging (CDFI) and power Doppler flow imaging. However, a previous study has reported that these forms of conventional ultrasonography have low sensitivity in microvascularity patterns [5] . Due to the intimated association between microvascularity and malignancy, an emerging form of Doppler ultrasonography called superb microvascular imaging (SMI) has been applied to determine microvascular blood flow. SMI technology is capable of detecting both low-velocity and high-velocity flows, while CDFI cannot image very low flow states.
In addition, another feature with high potential for use in distinguishing between malignant and benign masses is tissue stiffness. In other words, benign lesions tend to be soft while malignant ones tend to be harder. Tissue stiffness is closely related to shear-wave velocity. Therefore, shear-wave elastography, including a point shear-wave speed (SWS) measurement called virtual touch tissue quantification (VTQ), has gradually attracted increased attention in the light of progress in multiple-point measurement and shear-wave quality mapping. However, to the best of our knowledge, few studies have reported the additional application of SMI and VTQ to conventional ultrasound (US) for the purpose of differentiating benign and malignant breast lesions. Therefore, the present study was designed to demonstrate the combined application of SMI in exploring breast mass vascularity and VTQ in determining tissue stiffness to distinguish breast lesion malignancy. Furthermore, this study aimed to investigate the diagnostic value for integrating VTQ and SMI to US in the diagnosis of malignant and benign breast tumors.
Material and Methods

Patients and breast lesions
This prospective study was approved by the Ethics Committee of Shanghai Pudong New Area People's Hospital. All enrolled patients were notified of the examinations and procedures and all patients provided informed consent.
From May 2016 to October 2017, 128 patients (age range, 16-64 years; mean age, 52.61±7.93 years) were recruited into our study. Three women were excluded due to having breast implants and 4 women were excluded for having treatment of the same lesions previously. Finally, 123 lesions in 121 patients were recruited into this study. The mean diameter of the breast lesions was 18.7±14.8 mm (range 5.7-52.1 mm) while the mean depth was 26.4±11.2 mm (range 8.1-47.3 mm). All the breast lesions were pathologically confirmed via ultrasound-guided core-needle biopsy and/or surgery in terms of standard clinical protocols.
Breast ultrasound examination and imaging interpretation
The ultrasound examination was conducted using a TOSHIBA Aplio 500 (Toshiba Medical System Corporation, Tokyo, Japan) with high-frequency (14 Mhz) line array transducers. First, the patients underwent a B-mode US exam. Once a lesion was detected, the following information were recorded in our study: lesion size in diameter, lesion depth (vertical distance from the skin to the bottom of the lesion), lesion number, lesion position and shape, and other ultrasonic features such as margin and echo pattern. The lesion was further rated by using the latest US BI-RADS of the American College of Radiology (ACR) [6] . Thereafter, we used CDFI (Frame Rate 10-15 Hz) and SMI (Frame Rate >50 Hz) technologies. The velocity scope of SMI was adapted to 1.0 to 2.0 centimeters per second. During the whole examination process, we asked the patients to breathe quietly. Regarding the risk of vessel collapse, there was little pressure applied through the transducer. Consequently, the evaluation of vascularity in and around the lesions was performed.
After the aforementioned examinations, the patients then received an ultrasound elastography technique called VTQ diagnosis. We used the Siemens Acuson S2000™ ultrasound system (Siemens Medical Solutions, Inc.) equipped with a 9L4 linear transducer (4-9 MHz, 4.0 cm) for VTQ measurement. The region of interest (ROI) box on the SWS image includes the mass and surrounding breast tissue, without the skin and chest wall. In addition, using acoustic radiation force impulse technology, the advanced VTQ could directly denotes the velocities of transverse waves mechanically, indicating quantitative information on tissue deformations. Absolute measurements of 5936 SWV displayed in m/s were generated by evaluating the peak displacement at each transverse.
The same radiologist recorded traditional ultrasonic features by US and observed the vasculature of the breast lesions using SMI and CDFI. Adler's classification was used to assess the grades of the detected vascularity ( Figure 1 ). Vascularity was categorized from Grade 0 to Grade 3, depending on the amount of vascularity. Determination blood flow was based on ROI box. Grade 0 is regarded as absent. Minimal (Grade 1) flow is generally regarded as 1 or 2 pixels containing flow (<0.1 cm in diameter). When a certain number of small vessels and/or a main vessel was seen, clinicians graded it as moderate (Grade 2). Marked (Grade 3) vascularity was rated when 4 or more vessels were visualized [7] .
In VTQ mode, the mean SWV values and the percentage of successful measurements were recorded and examined. The radiologist initiated the VTQ measurement after asking patients to hold their breath. The SWV values were obtained from ROI in both the solid portion of the mass and its surrounding breast tissue at the same depth. The operator conducted the same methodology 7 times. It generally took the radiologist 5-10 minutes to perform the entire procedure if there were no problems encountered. The scale for the SWV was 0-9.1 meters per second. A non-applicable situation occurred when the screen displayed "X.XX m/s" (Figure 2 ). It could be interpreted that the tissue was either extremely soft or hard, exceeding the range for the SWV value. The value was then allotted to be either 9.1 m/s or 0 m/s, standing for solid portion and cystic portion, respectively, under the condition of ruling out technical failures or other potential factors such as patient breathing.
The same radiologist conducted the entire examination. This radiologist had more than 5 years of experience in US, CDFI, and breast sonography and had 3 months of experience in SMI and VTQ measurements. The same imaging area of US, CDFI, SMI, and VTQ were acquired as the reference area for the breast tissue. The images were thereafter evaluated by 2 radiologists with consensus, who had 10 years of experience in US, CDFI, and breast ultrasound and 4 months of experience in SMI and VTQ. These 2 radiologists were blind to the pathological findings. The 2 specialists first evaluated lesion vascularity by CDFI and SMI in terms of Adler's classification. Thereafter, they rated each breast lesion according to BI-RADS based on ultra-sonographic features. 
Statistical analysis
Adler's method was used to Grade the vascularity difference between CDFI and SMI. VTQ, CDFI, and SMI were compared between malignant and benign lesions using the Wilcoxon rank-sum test. We formulated a receiver operating characteristic (ROC) curve to observe the optimum threshold value of VTQ, CDFI, SMI, CDFI+VTQ, and SMI+VTQ. Sensitivity, specificity, and correct rate were calculated based on the cut-off value. Areas under the ROC (AUCs) of different diagnostic modalities were compared using the chi-squared test. The statistical analysis was done with pathological results as the criterion standard. The statistical significance level was defined as 0.05. 
Results
Reproducibility
The Adler's grading on CDFI and SMI showed good inter-observer agreement, at 0.893 and 0.876, respectively. The correlation coefficient was 0.902 for intra-observer difference in measuring SWV.
Lesion diagnostic results
Of all 123 breast lesions, 48 (39.02%) lesions were pathologically confirmed as malignant. The malignant lesions were further categorized as invasive ductal carcinomas (n=40), ductal carcinoma in situ (DCIS) (n=4), solid papillary carcinomas (n=2), an intraductal papillary carcinoma (n=1), and an invasive micropapillary carcinoma (n=1). The remaining 75 benign lesions included mammary adenosis (n=12), fibroadenomas (n=49), complex sclerosing lesions (n=2), inflammation (n=10), an intraductal papilloma (n=1), and a mastitis (n=1). Table 1 presents the pathological results of all the breast masses. In addition, conventional ultrasonic features such as irregular shape and ill-defined margins were commonly found in malignant breast lesions. All the breast lesions were determined in terms of BI-RADS as follows: category 3 for 43 lesions, category 4 for 61 lesions, and category 5 for 19 lesions (Table 2) .
Vascularity findings
The amounts of vascularity were examined on the foundation of Adler classification as shown in Table 3 . Both CDFI and SMI exhibited noticeable variance between malignant and benign masses (p<0.001). SMI showed that 81.25% of the malignant lesions contained 4 or more vessels, while CDFI only revealed 58.33% of them.
Lesion stiffness findings
The mean SWV of malignant neoplasms was 5.28 m/s, with interquartile range (IQR) 4.01-6.39 m/s. The mean SWV of benign lesions was 2.64 m/s, with IQR 2.30-5.01 (Table 4) . Both the z values were 3.66 and p values were less than 0.001. The SWV values of malignancy were nearly double those of benign lesions (Figure 3 ).
Diagnostic performance of 5 modalities
In ROC analysis, the top AUC was on SMI+VTQ, followed by CDFI+VTQ, SMI, CDFI, and VTQ. The AUC values were 0.8969 .35, p<0.0001). Sensitivity was highest on SMI+VTQ (85.42%), followed by CDFI+VTQ (83.33%), SMI (81.25%), VTQ (79.17%), and CDFI (58.33%). SMI+VTQ (84.00%) did not sacrifice too much in terms of specificity compared with CDFI+VTQ (85.33%). Both SMI+VTQ and CDFI+VTQ achieved correct rates of 84.55%, followed by SMI (75.61%), VTQ (71.54%), and CDFI (70.73%) ( Table 5) .
Discussion
Ultrasound has been widely accepted as a readily available and non-invasive imaging technique. Therefore, it has been frequently applied as a first-line diagnostic exam. The ability to detect vascularization in the lesions enables clinicians to differentiate benign and malignant tumors thanks to the significant association between microvascularity and malignancy. One of the universally used ultrasound techniques, CDFI, provides valuable data for evaluating blood flow, but is limited in providing low-velocity blood flow data. In other words, CDFI is generally associated with data loss due to movement artifacts. With the progress in ultrasonography, SMI as a pioneering technique shows the ability to visualize lower-peed bloodstreams without motion artifacts. Such an advantage has been widely proved in examining microvascular flow in thyroid nodules [8] , renal tumor vascularity [9] , testicle blood flow of small children [10] , and focal liver lesion vascularity [11] . Therefore, various studies supported the performance of SMI in depicting the minute vessels and slow-speed blood flows with high resolution and fewer motion artifacts. In our study, SMI yielded more data than CDFI with regard to evaluating vascularity. Better visualization of blood flow was achieved via SMI compared with CDFI in both benign and malignant lesions. SMI displayed more microvascular flow signals than did CDFI. According to Adler's classification, our study indicated the optimal diagnostic threshold was in Grade 3 malignant lesions for SMI. In terms of benign lesions, CDFI's optimal diagnostic threshold was in Grade 0 and Grade 1, while SMI performed better in Grade 2 and Grade 3.
In a quantitative manner, VTQ enables the measurement of SWV in m/s. Different researches have been conducted to examine the quantitative elasticity values in the diagnostic performance of thyroid nodules [12] , metastatic and nonmetastatic cervical lymph nodes [13] , and acute pancreatitis [14] . In differentiating benign and malignant breast masses, there is an increasing trend to use VTQ measurement [15, 16] . The mean SWV of the malignant neoplasms analyzed by Tozaki et al. [17] was 1.81 m/s faster than that of benign masses (P<0.01). Our findings are highly consistent with that finding (Table 4 ). The failure rate in malignant and benign lesions was assessed in previous studies. In contrast to the unsuccessful percentage of 20.57% for 141 breast lesions examined by Teke et al. [18] , our study reached a relatively higher successful ratio of 95%. Both failure rates were calculated based on the rate of obtaining X.XX m/s. We agreed with the interpretation of non-numeric statistic by Bai et al. [19] , which implied that shear-wave speed exceeded the highest limit that could be measured. However, there remained a relatively low possibility of technical failure in VTQ module. In our study, 6 out of 123 lesions were read as X.XX m/s, including 5 neoplasms confirmed by histopathology. Consequently, the percentage of technical failure in obtaining SWV was estimated as lower than 5%. The examination in 121 breast tumors by Kang et al. [20] confirmed the capability of VTQ in representing the stiffness of tumors in both three-dimensional and two-dimensional ways. Golatta et al. [21] examined 104 breast lesions in 103 patients via VTQ module, also concluding that malignant lesions tended to be stiffer in terms of the mean maximum velocity of malignant and benign masses. Our study proves that stiffer tissue is more likely to be malignant.
However, we noticed limitations in applying CDFI or SMI or VTQ alone with US in differentiating malignant and benign breast lesions via ROC curve. The standalone application of these 3 Table 5 . Diagnostic performances of five modalities.
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technologies showed relatively low sensitivity, specificity, and accuracy ( Figure 4 ). With the combination of 2 methods, the proposed combination of SMI and VTQ suggested a useful modality in making a distinction between benign masses and malignant breast neoplasms. The combined modality distinguished breast lesion malignancy based on the evaluation of vascularization and tissue stiffness. On the basis of US, the combined modality reached the highest sensitivity (85.42%) while not sacrificing specificity (84.00%), maintaining the same accuracy rate (84.55%) in comparison to CDFI with VTQ.
Our study has certain limitations. First of all, it was a singlecenter study with a relatively small sample size. Secondly, all the examinations were conducted by the same radiologist, so the interpretation of inter-observer differences was missed. Thirdly, although the majority of the upper limit of SWV was found in malignant lesions, it still cannot be ignored that there was 1 benign breast mass, which might cause further research to disregard the low failure rate in our study.
Conclusions
In summary, SMI is a non-invasive method without use of any contrast agents in differentiating benign and malignant breast masses. SMI provided more details on tumor vascularity, which was closely linked with tumor angiogenesis. Furthermore, SMI was able to cover the shortage of CDFI in divulging low-velocity bloodstream due to motion artifacts. VTQ was excellent in measuring SWV and thus evaluating the tissue stiffness. Therefore, the combined modality of SMI and VTQ added to US proposed by our study presents a better diagnostic performance than that of SMI or VTQ alone.
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